Optical binding is a laser-induced inter-particle force that exists between two or more particles subjected to off-resonant light. It is one of the key tools in optical manipulation of particles. Distinct from the single-particle forces which operate in optical trapping and tweezing, it enables the light-induced self-assembly of non-contact multi-particle arrays and structures. Whilst optical binding at the microscale between microparticles is wellestablished, it is only within the last few years that the experimental difficulties of observing nanoscale optical binding between nanoparticles have been overcome. This hurdle surmounted, there has been a sudden proliferation in observations of nanoscale optical binding, where the corresponding theoretical understanding and predictions of the underlying nanophotonics have become ever more important. This article covers these new developments, giving an overview of the emergent field of nanoscale optical binding.
Introduction
Ever since Kirchhoff's pioneering studies in the mid-19th century, it has been known that the wavelengths of light involved in absorption and emission are determined by the resonance properties of the associated material [1, 2] . Later pursuit by many other notable scientists, including Einstein in 1916, led to an accurate explanation of atomic spectral lines as a phenomenon arising due to resonant absorption and emission [3, 4] . Today, of course, the understanding of the resonance absorption and emission of light by more extended nanoscale systems, such as nanotubes, molecules, quantum dots, etc., is very well understood on the basis of connection with quantum theory.
Soon after the development of the laser in the 1960s, the nonlinear optical effects of an off-resonant laser beam also became recognised. For example, a pulsed laser input suffers modification when two or more photons are absorbed [5] [6] [7] , (as predicted by Göppert-Mayer 30 years before [8] ), or transformed into a single lower wavelength output photon [9] . Far less anticipated were the observations of new effects when a moderately intense, offresonant laser beam is transmitted without loss -i.e. the emergent photons are identical to the incident photons and, therefore, the state of the final light-matter system is identical to the initial one. The earliest example of such an effect is the optical Kerr effect which, in its original concept, involves self-interactions of a single beam [10] , wrought by changes in the refractive index. Such changes may be purely electronic, or the result of molecular reorientation in a strong optical field. More generally, the modification of material properties by a throughput beam can lead to effects that are instantaneously evidenced by other, secondary processes. For molecules or particles of nanoscale dimensions, such phenomena -whereby light acts as a stimulus even at an optical frequency where the material is transparent -may be collectively termed " off-resonance nanophotonics".
In current usage, there is no clear distinction between phenomena described as "nanophotonics" and "nanooptics", although the former suggests more prominent significance for quantum and photon aspects. To give a focus to the optical phenomena to be described in the following account it is, therefore, worth recalling some positional forces in optics that are in principle off-resonance in nature. For example, in developments that followed the pioneering work of Ashkin [11] in 1970, optically induced scattering and gradient forces, as well as torques, were observed to act not only on atoms and nanoparticles in optical traps, but also on larger particles in a liquid medium -as in many optical tweezing techniques. Such forces have been found to operate on individual particles through the operation of several distinct mechanismssee, for example, references [12] [13] [14] [15] [16] [17] [18] [19] . In most cases, a classical description of theory may suffice, though the familiar gradient trapping force is clearly a form of off-resonance photon interaction [16, 20] .
A phenomenon generally known as "optical binding" has now become one of the most rapidly developing examples of off-resonance nanophotonics [21] , although it too can operate by more than one mechanism -determined primarily by the particle size, but also the material characteristics. The term refers to a pairwise force between particles (over and above that of the London dispersion force [22] ) due to the presence of an off-resonant laser beam. The mutual interaction between particles through optical binding forces can lead to self-organisation into stable, non-contact, dynamic configurations of matter. Thirunamachandran [23] originally predicted the existence of this laser-induced inter-particle force in terms of moleculephoton interactions in 1980. The concept attracted much further theoretical [24] [25] [26] [27] [28] and experimental [21, [29] [30] [31] [32] interest in the following years, at first mainly in relation to microparticles. While the initial works involved study of the attraction between two particles (or repulsion, despite the term "optical binding"), it was later found that multiple particles can be held together by the off-resonant light in an "optical matter" configuration [30] .
Although the vast majority of studies in the field are concerned with microscale optical binding, an extensive amount of research in the last 10-15 years has been centred on optical binding between nanoparticles. This nanoscale optical binding is the focus of the following Review, where we provide an overview of both experimental and theoretical studies extending to the latest, novel effects that arise on input of structured light, irradiation of chiral nanoparticles, and the role of plasmonics to name just some of the key developments.
Optical binding 2.1 General description
The laser-induced optical force that exists between two or more micron-or submicron-sized particles, when subjected to a moderately intense off-resonant laser light at optical frequencies, is commonly known as optical binding. For studies in pursuit of optical nanomanipulation, it is worth recognising a need for those particles to also be individually supported by a localising force, most often the force of optical tweezers or trapping by the self-same laser beam. For example, in the case of laser tweezers the particles are localised in a microscale volume, commonly supported in a passive liquid support medium to offset the effect of gravity [33] . It is with such particles, already held almost stationary in an optical field, that optical binding exerts its effect as a stabilising influence on inter-particle separations. This is an effect that can still be significant at inter-particle separations on the order of a few multiples of the optical wavelength. For particles of a dimension significantly smaller than the wavelength, it is important to recognise that the capacity to individually steer, by conventional optical tweezer forces, is to some extent compromised by such pair (or larger ensemble) forces, also induced by the presence of the trapping beam. More significant, however, is the capacity for multiple particles to be held together by light -in stable and non-contact arrays of varying geometries. The exploration of this facet has led to optical binding becoming an immense field in its own right [21, 32, 34] , as well as an indispensable tool in the area of optical manipulation [20] .
The initial predictions of the effect in seminal theory by Thirunamachandran [23] was followed by the pioneering efforts of Burns et al. [29, 30] , who first coined the term "optical binding", and experimentally demonstrated the effects of light-induced forces between microsized spheres of polystyrene, triggering a proliferation of activity in the field. They employed the semiclassical explanation of optical binding, whereby the throughput light is considered to cause fluctuating dipoles in each particle, inducing their mutual interaction. The fluctuations are generally out-of-phase due to their different positions in the beam, generating an essentially sinusoidal dependence for the dipole-dipole interaction energy, as a function of displacement. This coupling is, of course, modified by an inverse power dependence due to the fall-off of the dipole radiation field with distance. Despite its simple appeal, this classical picture fails to include the retardation features that naturally emerge from the quantum description. It is indeed an important feature of optical binding that its angular and distance dependence vary in different regions of displacement. In the quantum electrodynamical (QED) viewpoint, which is more suitable and rigorous for the nanoscale, the mechanism consists of four distinct, correlated photon events: annihilation of an input photon at nanoparticle A, virtual photon mediation of the interaction between A (creation site) and a second nanoparticle B (annihilation), and stimulated re-emission of an input-mode photon at B. The input and output photons are identical. This scheme is illustrated in Figure 1 . Note that the theory provides for the virtual photon to propagate with quantum uncertainty in its wave vector, consistent with the short lifetime and small distance of propagation [35] .
Since the energy and direction of the input photon equals that of the output photon, the radiation and optical material suffers no change of state in the overall mechanism. The binding force, therefore, can be seen as the modification of the Casimir-Polder (dispersion) forces between nanoparticles in the presence of the off-resonant, passive radiation. These binding forces can significantly increase inter-particle forces, without altering the modal composition of the incident field: the off-resonant beam may be thought of as an optical catalyst [36] [37] [38] [39] [40] .
For two nanoparticles A and B, with scalar frequencydependent (dynamic) molecular polarisabilities α(ω), and an inter-particle displacement vector R, the optical binding potential energy in the electric-dipole approximation [41] takes the form in summed index notation (for light with wave vector k):
where I is the input beam intensity, e are polarisation vectors for the mode (k, η) -with the overbar denoting complex conjugate -and the retarded dipole-dipole virtual photon propagation tensor takes the following, complete form [42] , applicable to arbitrary separations R:
Here, either the first (R −3 ) or the final (R −1 ) term will dominate as the asymptotic form under important limiting conditions -the near-and far-fields, respectively. In the latter, where the inter-particle coupling is mediated by a fully retarded radiation field, the R −1 distance-dependent decay may be considered a novelty when compared to the much more rapidly decaying Coulomb (R −3 ) and dispersion (R −7 ) interactions.
Before proceeding further, it is useful to highlight a few more general properties of Eq. (1). First, the binding energy is linearly dependent on the incident laser intensity; it is also dependent on a product of the polarisabilities of both A and B. (Notwithstanding their associated dispersion properties, the magnitude of each polarisability may be considered broadly proportional to the physical volume of the corresponding particle, or the volume over which outer electronic orbitals extend.) Furthermore, the binding energy is dependent on the direction of incident light propagation and the electric field polarisation relative to the separation of the particle pair. In passing we note that A and B need not necessarily be identical; asymmetric interactions between unlike particles introduce further novelties [43] [44] [45] . Moreover, when either one or both of the nanoparticles is polar, there is an additional static contribution [22, 46] to Eq. (1) -but it has a monotonic, non-oscillatory form and, therefore, cannot itself engender positions of configurational stability.
It is to be stressed that from the simple results of Eqs. (1) and (2), applicable to optical fields with arbitrary polarisation and beam geometry, a plethora of further analytical theories can be derived for numerous scenarios, such as optical binding in gaseous and liquid systems, and/or longitudinal k  R ≡ e (η) ⊥ R or transverse (lateral) k ⊥ R ≡ e (η)  R binding. The forces experienced by particles under such conditions are given by the negative derivative, with respect to R, of the potential energy results: for simplicity of dealing with scalar quantities, we shall focus on potential energy expressions. In general, the strongest binding forces and most stable configurations arise when the incident laser is polarised perpendicular to R, a condition that is always satisfied when the particles lie along or parallel with the beam axis (see Figure 2 ). For the vast majority of stable optical binding configurations, the magnitude of the inter-particle displacement is characteristically similar to the incident wavelength R ≈ λ; for more stable binding interactions that can occur with larger micron-sized particles, equilibrium values of R can take on multiple values.
While Eqs. (1) and (2) are exact if A and B are freely isolated particles, a more experimentally realistic scenario accommodating the dielectric effect of a surrounding medium (e.g. colloidal suspensions) can be accounted for with a trivial extension of the QED theory [47] [48] [49] , accounting for the refractive index of the support medium. The most significant aspect is simply that the wave vector k is multiplied by the refractive index of the support medium for the laser wavelength, serving in effect to reduce the length of the stable inter-particle distances by the same factor [50] .
In general, studies on optical binding are concerned with either nanoparticles (such as nanospheres, nanotubes and small molecules) or microparticles (comparable to or larger than the wavelength of incident light) and, until the present, the number of experiments on the latter has substantially outweighed those on nanoparticles. This is primarily due to the fact that the optical binding force scales proportionally with particle volume (or, alternatively, through particle radius a as a 6 ) and it is, in consequence, more easily observed with larger particles that also have much slower Brownian motion -the latter representing a phenomenon that is disruptive to both optical trapping and optical binding. Experiments by Demergis and Florin [51] in 2012 proved the advantage of the large polarisabilities (due to localised surface plasmon resonance) in Au nanoparticles, such that the optical binding between particles with diameters of 200 nm can become "ultrastrong". In the following year, Yan and co-workers [52] optically bound Ag nanoparticles together as small as 40 nm in diameter -thus, bringing experimental studies on optical binding into the Rayleigh regime. Theoretical studies concerned with nanoparticles are clearly becoming increasingly more important as optical binding experiments enter the Rayleigh regime, alongside a rapid growth in advances in nanophotonics [53] .
Following the above presentation of recent work on optical binding forces and the general results that can be applied to them, we now progress to survey the recent studies that invoke suitable modifications to Eq. (1) -in order to elucidate the rich landscape of optomechanical opportunities afforded by optical binding at the nanoscale.
Observing nanoscale optical binding
As mentioned above, optical binding with nanoparticles is notoriously sensitive to thermal fluctuations and Brownian motion, the effect of which rapidly increases with every decrease in particle size. Indeed, the resultant lack of stability for small particle pairs and assemblies has dictated that the overwhelming majority of experimental studies have, until recently, involved particles of micron size. However, the stability of optical binding arrays can be improved by exploiting extrinsic factors, i.e. the characteristics of the incident laser such as intensity and spatial profile [54] , and by intrinsic factors related to the configuration and material composition of the particles. Before proceeding further, we therefore outline some of the strategies that can be used.
Nan and Yan [55] have experimentally investigated the spatial and temporal stability of gold nanoparticles using polarisation modulation, verifying many well-established results concerning the spatial stability of optical binding, such as the fact that light polarised transverse to the inter-particle displacement vector k  R ≡ e (η) ⊥ R affords a much higher probability of the nanoparticles occupying a more stable potential well. This was recognised in the original work by Thirunamachandran [23] (and it is indeed a paradigm in optical binding studies, having been observed in many experiments). Similarly, the observation that the addition of particles to a chain increases the depth of potential wells, for particles already in the chain -i.e. particles closer to the centre are more stable than those further away -has been frequently observed. One key innovation is a modulation between parallel and perpendicular polarisations, each pushing particle pairs towards a different relative position. The frequency of modulation allows inter-particle separation to be fine-tuned; the higher the modulation frequency, the more dominant is the configuration due to transverse polarisation.
The first experimental observation in the nanoregime, by Demergis and Florin [51] as mentioned previously, was made possible because of the localised surface plasmon resonance properties of metal nanoparticles and enhanced trapping stability brought about by their standing wave optical line trap (SWOLT) [56] -which relies on interference of the incident light with its reflection to obviate destructive axial scattering forces. A further novelty of their study was an observation of the ability for smaller particles, which would normally spatially fluctuate, to effectively become anchored in the presence of larger particles (Figure 3 ). This is an effect that is again consistent with theoretical determinations using QED [57] . Interferometric traps such as the SWOLT rely on the interference between optical fields where, compensating for radiation pressure, certain locations experience enhanced optical intensities and gradients, leading to stronger electrodynamic interactions. One of the first methods to utilise such methods in optical binding constructed them from a single beam and its reflection from a gold nanoplate mirror [54] . The enhanced binding (and trapping) forces were not attributable to plasmonic enhancement, but rather a restricted thermal motion, with reduced inter-particle fluctuations and a four-fold enhancement of the intensity, due to the interference.
One issue with standing wave interferometric traps is that nanoparticles hardly enter the trapping fields because of a lack of radiation pressure; working with large assemblies of optical matter, therefore, remains a challenge. Nan and Yan [58] have highlighted how to overcome the issue of compensated radiation pressure by using a silver nanowire interferometric optical tweezer approach, where both the optical trapping and binding forces of metallic and dielectric nanoparticles can be significantly enhanced in situ. On laser illumination, the silver nanowire acts as a plasmonic antenna, producing a three-dimensional (3D) interferometric optical field that is able to strongly influence the electrodynamic interactions among nanoparticles perpendicular to the nanowire. This method affords the achievement of polarisation-controlled, largescale, and stable optical matter arrays comprising up to 60 nanoparticles -the largest nanoparticle-based optical matter assembly reported to date ( Figure 4) .
A follow-up study by the same authors showed that, by using a dual-beam system, free-standing strongly trapped metal nanoparticle chains with tuneable lengths are, in fact, better at 2D optical assembly than nanowires, as both the trapped chain and loosely bound nanoparticles sit in the same plane, optimising the interferometric fields [59] . This lateral interferometric optical field is distinctly different to those discussed previously, and it affords significant control over the optical matter -in particular, a strong dependence on the trapped particle chain length dictates the strengths and configurations of the optically bound particles.
Jaquay et al. [60] first showed that gold nanoparticles in a light-assisted, templated self-assembly 2D trap form 1D periodic patterns, arising from the competing trapping and optical binding forces. From an optical binding perspective, it is important to note that a previous study on polystyrene particles showed that inter-particle interactions play almost no role in the patterns observed [61] : this stems, of course, from the large polarisabilities and binding interactions between metal nanoparticles. In recent work, the same group has highlighted how 2D square lattice traps induce 1D nanoparticle chains, whereas 2D hexagonal lattices allow periodic 2D particle arrays to be formed with over 50 gold nanoparticles [62] .
Potential energy landscapes and multi-particle assembly
Optically induced inter-particle (or optical binding) potentials can be revealed in pictorial 3D scalar fields, commonly termed potential energy landscapes [50, 63, 64] . One such landscape, in which a spherical nanoparticle is positioned at the origin, is exhibited in Figure 5 . In these landscapes, the potential wells of local energy minima correspond to stable optical binding, while the maxima reveal energetically unstable configurations. Both attractive and repulsive optical binding forces operate to impel particles across the potential landscape to stable separations of local energy minima. As predicted in a theoretical analysis in 2010 [65] , the occurrence of multiple local minima in such potential energy landscapes indicates the possibility of configuring a variety of geometrically distinct particle assemblies, such as chains, triangles, rings, and hexagonal arrays, and the probability of any particular formation is partially dependent on the initial conditions. One immediately evident configuration that consists of particle chains along a particular axis (the y-axis of Figure 5 ), corresponding to longitudinal optical binding [66] , is an important structural motif in optical binding studies. Another recent theoretical study has shown -among other details -that by introducing surface plasmon polariton interference, the separation between bound nanoparticles (and, thus, the energy minima in the potential landscape) can be significantly reduced, even surpassing the diffraction limit to which optical binding is typically subject [67] .
In multi-particle assemblies, interactions between all the particles create a rich and complicated potential energy landscape. Although non-pairwise couplings exist, the optical forces are dominated by pair interactions (rather than three-body interactions, etc.) and a simple sum of these interactions often suffices to explain the formations of optically bound multi-particle arrays. The most expedient way of studying the energetics associated with the arrangements of three or more particles is by positioning them in the minima of a suitable template, such as Figure 6 .
As can be seen in Figure 6 , the number of viable minima has increased for the multi-particle systems, engendering an increase in the number of potentially stable arrays and configurations. However, this increased number of arrays may lead to disorder in assemblies of larger numbers, as many local energy minima are available, and the potential wells are often not deep enough to maintain stability against thermal fluctuations. Nan et al. [68] have highlighted a method of obtaining a disordered-to-ordered array transition for metal and dielectric nanoparticles, whereby the optical binding strength is a crucial component, but still exhibits frequent transitions between differing structures. The fluctuating dynamics that operate within such assemblies has been dramatically illustrated in work by Kudo et al. [69] on large assemblies of swarms of around 1000 gold nanoparticles.
Computational and theoretical simulations play a large role in optical binding studies, where they are used to compare and quantify experimental results or provide predictive insight. In particular, the finite-difference time-domain numerical method is regularly used to solve Maxwell's equations and simulate the electrodynamics [70] . The availability of off-the-peg commercial software for such applications nonetheless tends to mask its reliance on classical formulations of the electrodynamics, potentially obscuring quantum effects and intrinsic uncertainties. This shortcoming is less significant in computational work where particle motions are addressed. One example is the important Langevin dynamics that relate to motions of the nanoparticles in solution. As such, an electrodynamics-Langevin dynamics (ED-LD) approach has been developed to deal with the complicated mechanics of optical binding [71] . One particular insight afforded by the ED-LD approach has been to highlight the role of the shape and dimensions of the incident beam, with tight focusing proving to exert an effect on the equilibrium binding separations between particles. This work has also highlighted the important role that surface charges play in optical metal nanoparticle self-organisation.
Another insightful study on self-assembly achieved a high fidelity correlation between computational simulation and experimental evidence of multi-nanoparticle configurations [72] , as illustrated in Figure 7 . A further exploitation of the ability to create multi-particle assemblies with optical binding forces is the creation of a selfhealing optical membrane, consisting of 150 non-contact particles, producing a reflective surface that can be used as a laser-trapped mirror [73] .
Structured light
The incident laser beam is itself an element that may be spatially tailored to add an additional element of control in the manipulation of nanoparticles. It is worth pointing out that the term "structured light" in such a connection here specifically refers to the properties of an incident beam (in some other work the terms "structured or shaped light fields" are used to denote the interference of incident and scattered light). Beyond simple focusing, the application of a beam with intensity-and phase-structure offers a further experimental degree of freedom. Indeed, structured light in the form of a zero-order Bessel beam was used in the first experiment to exhibit optical binding in the Rayleigh regime [52] . An especially important class of structured light beams are orbital angular momentum (OAM)-carrying optical vortices [74] [75] [76] . These "twisted" beams have seen widespread utilisation in a plethora of areas including free-space information transfer, microscopy, and imaging, although, to-date, the vast majority of studies have exploited their unique properties in optomechanical forces and manipulation [77] [78] [79] [80] [81] [82] [83] .
Due to the ability of a sufficiently intense laser beam to trap nanoparticles within its cross-section, a study of the optical binding forces between nanoparticles trapped within an optical vortex is of added interest. The most widely utilised class of twisted laser beams are Laguerre-Gaussian (LG) modes, the Gaussian beam profile of which is tempered by an associated Laguerre polynomial of index p (indicating an integer number p + 1 of intensity rings, or radial nodes), and order ℓ, which is also known as the topological charge (a measure of the amount of beam "twist"): the value of ℓ also signifies an OAM of ±ℓħ per photon. For an LG mode with a single ring (p = 0), the possible arrangements of optically bound multi-particle arrays is determined by optical forces that are sensitive to both ℓ and the azimuthal displacement angle between the nanoparticles [84] . For such beams, it emerges that there are ℓ energy minima and ℓ - 1 maxima on the cylindrically symmetric potential energy surface. The complexity rises further when an increasing number of nanoparticles are bound within the beam. For odd values of ℓ > 1, only a local minimum (though not the energetically most favourable one) arises for nanoparticles at diametrically opposed positions within the beam cross-section -which has been observed experimentally [85] . For even values of ℓ, a local maximum occurs for nanoparticles opposite one another. However, for any value of ℓ, the depths of local minima close to the equidistant positions are greatly outweighed by the absolute minimum (and those of similar depth nearby) that corresponds to clustering of the trapped nanoparticles, as depicted in Figure 8 . It should be made clear here that this nanoparticle clustering within the cross-section of the LG beam is completely distinct from the optical spanner (wrench) effect that involves particles travelling around the ring, due to OAM transfer to them [79] .
Experimental studies of optically bound silicon nanowires in circularly polarised LG beams have exhibited a rich interplay between the OAM and spin angular momentum, allowing the bound nanowires to orbit around the beam as well as spin on their own axis [86] . The dynamics of metal nanoparticles, optically bound in an OAM-possessing optical ring vortex, have also now been studied experimentally [87, 88] . Figliozzi et al. [87, 88] created a special optical ring vortex, the intensity profile and radius of which are independent of ℓ, by utilising a gold nanoplate mirror to produce interferometric fields in a retroreflection geometry, creating a series of optical ring traps along the optical axis. They trapped silver nanoparticles within the rings, and studied the variation of the optical binding forces as a function of their ring location. Firstly, they observed that particles become preferentially optical bound at separations that correlate to a polarisation transverse to their displacement vector (a characteristic property of optical binding systems, as previously noted); furthermore, the inter-particle separations were themselves found to be approximately integer values of the incident wavelength. Studying the influence of the gold nanoplate by replacing it with a glass cover, they also discovered that the gold nanoplate significantly increases the optical binding forces due to a fourfold increase in intensity (see Figure 9 ). Importantly, Figure 9 also highlights that when the optical force is increased through larger values of ℓ and hence larger OAM, this increases particle fluctuations which compete with the attractive binding forces -and the consequential broadening of the distributions leads to only the first site (0.6 μm) being populated at large ℓ. The dynamics of inter-particle separations were also simulated, and it was found that for increasing ℓ, the probability density for other, less stable binding configurations emerges, fully agreeing with the experimental results of Figure 9 : by increasing the topological charge and OAM, optically bound particles separate more easily from their initial, most stable separation.
Another important manifestation that stems from structured light is the role of phase gradients [89] [90] [91] . Such gradients are well known to be important in trapping single particles, but it has recently been highlighted how the pairwise binding interactions between silver nanoparticles are dependent on the magnitude of the incident phase gradient, specifically the location, strength, and number of stable binding locations. For small phase gradients, the binding between the pairs is modulated by a dependence on inter-particle separation; for large gradients, the symmetry of the interaction is broken, and this significantly alters the potential energy landscape. Clearly, in summary, the growing use of structured light beams offers a new dimension for the optical control of multi-particle assemblies bound by light.
Non-spherical nanoparticles
In most experimental and theoretical studies of optical binding, the nanoparticles are spherical. However, because binding forces depend on the polarisability of the particles -a physical property that is a highly sensitive to the direction of the applied electromagnetic fieldnon-spherical and anisotropic nanoparticles can have enhanced attraction along certain dimensions, and theory shows that this can lead to substantially different interaction dynamics [92] .
The first experimental study of optical binding with anisotropic, non-spherical nanoparticles occurred as recently as 2018, where arrays of optically bound gold disc-like nanoplates were formed and found to exhibit very different interactions and dynamics than nanospheres [90] . In particular, the major differences between the nanoplates and the nanospheres were that the former exhibit smaller separations R between one another, and that they also possess much slower transport and correlated drift motions than nanospheres. These differences stem from the large size and anisotropic nature of the nanoplatelet, causing higher-order magnetic quadrupole and electric octupole interactions and interferences with the field becoming more important than they are in small spheres -where electric dipole interactions vastly outweigh any other contributions, in general. Furthermore, the multipolar plasmon modes of the nanoplates induce both near-field (see Section 2.8) and characteristic longerrange optical binding interactions. One particularly important class of nanoparticles are those with cylindrical symmetry, such as carbon nanotubes. The latter are unique nanostructures that offer a remarkable combination of conductive, steric and material characteristics [93, 94] , which can be readily trapped and manipulated by optical tweezers [15] . These, therefore, represent an interesting optical binding system to study, although the theory is complicated by an expansion from three to seven degrees of geometric freedom. From fundamental theory, detailed laser-induced forces have been determined for single-walled carbon nanotubes [95] . In this work, two distinct schemes were selected: a pair of parallel nanotubes irradiated in a fixed direction, and a pair with arbitrary mutual orientation that are free to tumble in the input field. Due to variations in geometry, the optical binding forces prove to be either attractive or repulsive, and for nanotubes of length 200 nm and radius 0.4 nm, separated by 2 nm in the presence of the offresonant beam of 10 6 W m −2 , values of the induced force range from 10 −6 to 10 −9 N. The unique electronic properties of carbon nanotubes mean that, for similar separation distances, the calculated optical binding forces between the pair can greatly exceed the known value of the corresponding Van der Waals interactions [96] .
Further studies on cylindrical objects include a detailed and rigorous computational study on dielectric nanowires. In their work, Simpson et al. [97] discovered that optical binding forces allow for the formation of ladders of nanorods, alongside the ability to rotate and translate them, providing the ability to perform the necessary manipulations of nanoparticles in intricate tasks required by optically driven micromachines. A recent study has experimentally shown that the optical binding forces between silicon nanowires trapped in counterpropagating beams play a role in rotational binding effects [86] .
Another pair interaction that can be modified by the optical binding potential occurs in molecular solids, and is manifest through microscopic mechanical effects. A particularly appropriate structure consists of an arrangement of parallel, cylindrical molecules, as found in solids comprised of poled polymers or smectic/nematic liquid crystals. Irradiating the solid with linearly polarised light results in a contraction parallel to the polarisation of the laser beam and an expansion in the other two dimensions, both linearly dependent on the irradiance of the laser. This optical electrostriction -compression and expansion due to optical binding forces -leads to a deformed solid with an increased volume, signifying a change in local density, and thus a change in the local refractive index that scales linearly with the irradiance of the incident beam: as such, it represents an optomechanically induced intensitydependent refractive index. This optical electrostriction [98] due to interactions between the radiation field and matter differs from the electrostrictive effect connected to static electric fields, and contributes to a phenomenon dominated by the much more widely known optical Kerr effect [99] .
As observed earlier, the polarisability of a molecule roughly scales with its volume, and the quadratic dependence of the optical binding forces on the polarisability dictates that observing and quantifying the laser-induced intermolecular force for small dielectric molecules can be technically demanding. Van der Waals dimers are weakly bound pairs of molecular structures with large moments of inertia due to the long intermolecular bond holding the pair of molecules together. Due to this large moment of inertia, these dimers are readily identifiable by high resolution microwave spectroscopy, one of the most widely studied species being (HCN) 2 . In the presence of the offresonant radiation, the intermolecular bond potential has been shown to be modified by the laser-induced optical binding force, the sum of the two producing an effective potential [98] . The reported rotational constant for (HCN) 2 is 0.0584 cm −1 [100] -the change in equilibrium bond length induced by a modest laser irradiance of 10 12 W cm −2 will cause the dimer bond length to extend by 1.72 pm, which produces a new rotational constant of 0.0579 cm −1a difference of about 1%. This is experimentally very significant, and well above the bounds of error in microwave spectroscopy, and offers one way to quantify the optical binding effect in small molecules.
Chiral effects
The origin of the optically induced binding energies discussed so far have primarily involved only the dominant electric-dipole (E1) form of interaction with the radiation field. However, once we entertain anisotropic and low-symmetry particles, such as most molecules, other multipolar interactions with the field must be considered. The dominant E1 2 E1 2 , or alternatively "α 2 " couplings such as Eq. (1), are insensitive to any chirality (or handedness) of the interacting molecules, but chiral species allow for the interferences of higher-order transitions. In particular, the incorporation of magnetic dipole (M1) interactions produces chiroptical (or discriminatory) effects.
It was Salam [101] who first highlighted how allowing for a single M1 interaction at each of a pair of chiral molecules A and B, produces a chiroptical effect dependent upon the product of the mixed electric-magnetic dipole polarisability tensor: we term this "GG" coupling. The G tensor -an E1M1 analogue of the polarisabilityis well known in the study of chiroptical phenomena, as it is responsible for processes such Rayleigh and Raman optical activity, discriminatory dispersion [102, 103] and optical trapping forces [104, 105] . For any one chiral species of a pair of enantiomers A and B, G has a value that is the opposite sign of that for the corresponding optical isomer: G(A) = −G(B) . The binding energy for a pair of right-handed enantiomers differs from that between the right-handed and left-handed forms, for example: in general RR = LL ≠ RL = LR. The result is also identical for incident light that is either linearly-polarised or circularlypolarised, i.e.
. This chiroptical contribution to the binding force is typically weaker than the dominant α 2 , typically by a factor of around 10 −6 .
More recently, a mechanism that involves M1 coupling at only one of the chiral molecules has been reported [106] -this corresponds to a much larger discriminatory optical binding force, enhanced by an order of 10 3 . By utilising the fact that chiral molecules can possess both a G and α polarisability, a discriminatory optical binding energy that couples the G of one enantiomer with the α of the other is possible. This "αG" coupling is much larger than the GG effect, and it also exhibits unique dependences on input beam polarisation and material handedness -namely, Figure 10 .
A potential application of these optomechanical forces is for chiral sorting. Although a host of established methods exists for chiral resolution at the molecular level, these methods generally rely on other chiral molecules or other materials to act as resolving agents. Studies utilising optical methods have identified optical trapping forces as a potential tool in the separation of left-and right-handed molecules [107] [108] [109] , and optical binding forces can contribute to these forces, as we have seen in unique and important ways.
Another possible application is in the development of detecting and identifying chirality [110] in optically bound systems. For example, consider an input laser beam that is modulated between right-and left-handed circular polarisations: the response of a system comprising chiral particles with the same handedness will be an oscillation from their equilibrium positions. If the modulation frequency of the laser is tuned to resonance with the essentially harmonic natural frequency of the optically bound pair [111] , the small-scale oscillations should become readily detectable. Treating the αG chiral optical binding effect as a correction to the standard α 2 coupling produces graphs of the form given in Figure 11 . In producing the graph, the magnitude of the discriminatory term αG is taken to be of the order of the fine structure constant. It emerges that for a laser wavelength of 628 nm, there is a displacement of 5 nm between these minima. This verifies that a modulation of optical input between circular polarisations will produce a corresponding oscillation in their equilibrium positions [112] . 
Collapse of optical binding
As has been established, optical binding will -under suitable conditions -produce interaction forces that are sufficient to dictate the equilibrium configuration of systems of micron and sub-micron particles. Once an equilibrium is established, such systems are normally quite stable unless there is some perturbation in the input fields (or in the local flow dynamics of the host medium). But even in stable conditions, it proves possible to exert control, and even completely disrupt an optically bound system, by the input of an additional beam that exerts a cancelling effect. To understand how this works, we need to look again at the structure of the electrodynamic coupling tensor.
The coupling that mediates all pairwise optical binding interactions displays a key difference in symmetry properties when its near-field and far-field forms are compared -these distinctions prove to have interesting consequences. It is immediately evident that the tensor expression given by Eq. (2) is cast in an essentially axial form, as is determined by its dependence on the single physical displacement vector R. In fact, as the detailed theory shows, the R −1 term, which dominates the coupling tensor over all distances beyond the sub-wavelength nearzone, also contains a non-zero isotropic contribution to its essentially axial form -but the R −3 and R −2 terms have precisely zero isotropic parts [113, 114] .
It is possible to obtain a sense of the physics here on the grounds of relative dimensions, taking into account the electrodynamic properties of the nanoparticles between which couplings arise. At short distances, the region between any adjacent nanoparticle pair will be strongly influenced by the secondary fields these nanoparticles produce, through their polarisability interactions with throughput light. However, at more remote distances, inter-particle regions will be less distorted from the electrodynamic isotropy of free space.
Suppose, then, that such a system is subjected to a throughput of optical radiation that is itself of isotropic form (we shall see that there is more than one way to achieve such a condition). Then, since the isotropic part of the coupling potential is supported only in the far-field, it is only in this region that optical binding effects can be produced. This is, indeed, what the theory shows: under these conditions, the major terms supporting optical binding entirely vanish in the short, sub-wavelength region, leaving only an R −1 attraction that is much less significant (by a factor of k 2 R 2 ). Essentially, only the longrange interaction is sustained under isotropic conditions. This is a principle that has already found application in a very different sphere of application, namely Bose-Einstein condensates [115] .
To achieve the necessary conditions of local field isotropy, there are various scenarios. The simplest is to set up two optical beams of the same wavelength, at right angles to each other, intersecting at the target volume. One beam should be unpolarised, and the other, of twice the intensity, linearly polarised in the plane defined by the two beams. Another alternative is to replace the unpolarised beam with two counter-propagating beams of orthogonal linear polarisation. By increasing the intensity of the side-beam, from below the condition of equal intensities, there is a threshold at which a stable, optically bound assembly of particles will fall apart. Therefore, there is a possibility of deforming and collapsing optically bound multi-particle assemblies by introducing additional sources of laser light [116] . By controlling the irradiances of primary and secondary counter-propagating laser beams, nanoparticles can be assembled into lamellartype arrays, extended linear chains can subsequently be made to collapse and contract, and nanoparticles can even be made to agglomerate. This possibility has also been entertained theoretically for optical binding between ultra-cold atoms [117] .
Plasmonic near-field optical binding
A relatively new research avenue has been developed in relation to laser-induced optical forces, which is known Figure 11 : Plot of optical binding potential energy (arbitrary units) for two chiral particles subjected to circularly polarised laser light. The inter-particle separation R is measured in dimensionless units of kR (where k = 2π/λ with λ the wavelength of incident light). Inset shows the difference between the results for a pair of particles handedness of which is the same or opposite to that of the radiation, around the position of the first potential energy minimum in the main graph. Reproduced with permission from [112] .
as near-field plasmonic optical binding. Here, plasmonic nanoparticles are separated by nanometre distances R  λ, rather than the micrometres of the intermediate field R ≈ λ characteristic of standard optical binding; plasmonic particles in the latter region do not interact. In such circumstances, the surface plasmons in metallic nanoparticles can couple directly to one another, and large binding forces between two plasmonic nanoparticles can arise [118] . Employing an electrodynamical approach that includes retardation effects, with input light intensities at around 10 10 W m −2 , optical forces are found in the nano-Newton range [119] . Reinforcing this research, calculations using the Mie theory and the Lorentz force (combined with the Maxwell stress tensor formalism) determine similar results [120, 121] . Further studies have examined the optical forces between a plasmonic disk and a plasmonic ring [122] , head-to-tail aligned gold nanorods [123] and plasmonic nanocubes [124] . In these later works, it was discovered that the optical binding force can be reversed (from attractive to repulsive and vice versa) when approaching a dipole-multipole Fano resonance, which cannot be described by the Lorentz formula [125] , and it vanishes at inter-particle separations beyond 100 nm [126] . Complete control of this reversal in the nearfield binding force is now the target, which would be useful for potential manufacture of the "optical matter" of plasmonic nanoparticles.
Further applications of optical binding
Strong optical binding forces have been observed to play a key role in the intrinsic self-healing property of so-called "metamolecules" (collections of silver nanoparticles that come in different isomers) which, after a perturbation that breaks or deforms the structure, is seen to reconstruct itself ( Figure 12 ) [127] .
Another technique which utilises nanoscale optical binding involves hybrid nanoparticle assemblies. In these systems an optically bound chain of metallic nanoparticles produces strong and locally enhanced electromagnetic fields near the chain, which can then co-trap small and less polarisable particles such as quantum dots and smaller metallic particles on intermediate and nearfield scales [128] . Finally, it has been shown how, by controlling optically bound arrays of nanoparticles by their cluster size, configuration and separations, the optical torque they experience from an incident beam with optical angular momentum can again be controlled and switched between positive to negative [129] . 
Conclusion
In this Review, we have concisely surveyed a collection of the most recent developments in optical binding at the nanoscale. It is worth re-emphasising that, in each case, there is no change in the photonic mode population for the specifically off-resonant laser beam, despite its capacity to exert control over local material interactions. It is in this sense that the off-resonant nanophotonic effect of optical binding can be thought of as a form of optical catalysisan effect in which the additional element expedites a process without itself suffering loss or change. There are also several different forms of off-resonance nanophotonic effects, each of which specifically involves real electronic transitions. The interest here primarily focuses on new elements of control of resonance energy transfer [130] , fluorescence [131] and absorption [132] , several of which may offer novel routes to all-optical switching [133, 134] and an optical transistor [135] . As such, the key aspect of these processes is a rate -the speed at which change can be registered -as opposed to most equilibrium-oriented applications of optical binding [136] . As was originally the case with optical binding at the nanoscale, theoretical work is racing ahead of experimental observations at present. Fuller details of all these activation processes are given in our very recent review [137] .
Experimental studies on nanoscale optical binding are right now starting to bear fruit in a variety of applications. Potential energy landscape surfaces have been generated to determine the position of nanoparticles in the optical field, while simulations can accurately forecast the observed pattern of multi-nanoparticle assemblies of optical matter. It is now known that additional optical binding features arise when complex forms of light are introduced, the potential being heightened when the nanoparticles are non-spherical, and even more so when they are chiral. Such effects are also proving to offer optically tailored routes to the self-assembly of structured nanoscale materials. Scaling up these effects, especially in films and on surfaces, may provide new elements of control in metamaterials, and perhaps even 3D printing. For example, on a suitable substrate, it is already possible by existing means to produce highly polarisation-selective optical characteristics -including, in the case of chiral structures, a remarkable differentiation between circular polarisations [138, 139] .
At present, much of the most effective work on optical binding at the nanoscale relies on the enhanced coupling of light-matter interactions afforded by localised surface plasmons, another distinct area of research that is currently proliferating at a remarkable rate [140] [141] [142] . When nanofabrication accommodates the effects of optically induced local forces, new directions may be expected to emerge. Device applications are already being pursued following the report of groundbreaking production of a completely flat, high numerical aperture, high definition lens from an ordered array of nanoscale TiO 2 nanoparticles [143] . In another recent application of optical binding, it has also been shown how optically induced forces can play a critical role in determining precise and consistent inter-particle separations of deposited silver nanoparticle chains and arrays onto solid substrates in so-called "optical printing" [144] -a potentially important fabrication technique for creating new photonic devices.
In conclusion, we have seen that the ability to observe optical binding in nanoparticles has now been experimentally secured in a wide variety of implementations. Moreover, a promising range of applications is now starting to be identified. The future for optical binding in nanophotonics appears a truly bright prospect.
